mental abnormalities (35, 50) . It also has been shown that downregulation of Kir2 channels is associated with impaired vasorelaxation (55) . Our studies focus on understanding the mechanisms underlying downregulation of Kir channels by the elevation of membrane cholesterol.
Our earlier studies have shown that Kir current in vascular endothelium that is mediated by the members of Kir2 family, Kir2.1 and Kir2.2 (7, 15) , is strongly suppressed by the elevation of membrane cholesterol (39) . Furthermore, we have shown that endothelial Kir currents are suppressed by atherogenic lipoproteins in vitro and by serum hypercholesterolemia in vivo, underscoring the physiological significance of the sensitivity of the channels to membrane cholesterol (6) . The mechanism underlying cholesterol-induced suppression of Kir channels, however, is still poorly understood. We have shown that cholesterol enrichment strongly suppresses Kir currents mediated by all four members of Kir2 family (Kir2.1-2.4) (38) . However, it has little effect on the single-channel properties and no effect on surface expression of the channels, as determined by visualizing the channels in the plasma membrane using an extracellular tag (38) . We have suggested, therefore, that an increase in cellular cholesterol results in "silencing" of the Kir2 channels by changing their local lipid environment. More specifically, we have suggested that enriching the cells with cholesterol facilitates the targeting of Kir2 channels into cholesterol-rich membrane subdomains, commonly called membrane rafts, whereas removing membrane cholesterol results in dissociation of the channels from the rafts. It is important to note that although the exact nature of these domains is still controversial and is likely to vary between cell systems, they are generally defined as "small heterogeneous highly dynamic, sterol-and sphingomyelin-enriched domains that compartmentalize cellular processes" (34) . Furthermore, membrane rafts and caveolae (a subpopulation of rafts characterized by flask-shaped membrane invaginations and the presence of the protein caveolin) were suggested to play an important role in the regulation of ion channels in the cardiovascular system (23, 29) . In this study, we address this hypothesis by analyzing the distributions of Kir2.1 and Kir2.3 channels between cholesterol-rich and cholesterol-poor membrane fractions under different cholesterol conditions. We show that both Kir2.1 and Kir2.3 have clear double-peak distributions between the two types of membrane fractions and that enriching the cells with cholesterol using methyl-␤-cyclodextrin (M␤CD)-cholesterol complex results in more channels being targeted to cholesterol-rich domains. Furthermore, we show that cholesterol enrichment results in an increase in the level of cholesterol exclusively in low-density cholesterol-rich fractions with no effect on the level of cholesterol in other membrane fractions. Thus this is the first study to demonstrate that an increase in "raft" cholesterol is sufficient to suppress Kir2 channels.
METHODS

Cells and Transfection
Chinese hamster ovary (CHO) K1 cell line was obtained from the laboratory of Dr. Zhe Lu and maintained at 37°C in a humidified 5% CO 2 atmosphere in Ham's F-12 medium (BioWhittaker, San Diego, CA) supplemented with heat-inactivated 10% fetal bovine serum (Gemini BioProducts, Woodland, CA). Cells were fed or split every 2-3 days. Cells were transiently cotransfected with Kir2.x constructs and enhanced green fluorescent protein (cmv-pcDNA3.1-GFP-TOPO; Invitrogen, Carlsbad, CA) using Lipofectamine (GIBCO-BRL, Gaithersburg, MD) according to the manufacturer's instructions. The experiments were performed 24 -48 h after the transfection.
Isolation of membrane fractions and immunoblotting
Cells were washed three times with ice-cold PBS without Ca 2ϩ and Mg 2ϩ . Cells were scraped into buffer A [in mM: 150 NaCl, 20 HEPES, 5 EDTA, pH 7.4, 1ϫ protease inhibitor cocktail (Roche, Indianapolis, IN), 1 g/ml pepstatin], homogenized in a Dounce tissue grinder (40 strokes), and centrifuged for 10 min at 1,000 g. The pellet was resuspended, dounced, and recentrifuged for 10 min at 1,000 g. The supernatants were combined and centrifuged for 1 h at 200,000 g to obtain the "high-speed pellet" (SW40Ti rotor; Beckman Coulter, Fullerton, CA).
Preparation of Triton-soluble and Triton-insoluble fractions. The high-speed pellet was resuspended in 1 ml of buffer A, sonicated 3 ϫ 10 s on ice, and supplemented with a small volume of concentrated solution of Triton X-100 to a final concentration of 1%. After 15 min of incubation on ice, the suspension was centrifuged for 1 h at 200,000 g in a refrigerated centrifuge. The pellet (Triton-insoluble fraction) was then resuspended in Laemmli buffer.
Preparation of membrane fractions using a nondetergent method. Total membrane pellet was resuspended in 1 ml of 45% sucrose solution, sonicated, supplemented with 3 ml of 45% sucrose solution, and transferred to 12-ml centrifuge tubes, and then 4 ml of 35% and 4 ml of 5% sucrose solutions were layered sequentially, creating a three-step sucrose gradient (45%, 35%, 5%). Sucrose gradient was then centrifuged for 18 h at 100,000 g. After centrifugation, 11 fractions were collected (1.5 ml of fraction 1, 1 ml of fractions 2-10, and 1.5 ml of fraction 11). Protein was precipitated by TCA and measured using the BCA protein assay kit (Bio-Rad, Hercules, CA). The samples were then resolved on 12% SDS-PAGE under reducing conditions, followed by transfer to polyvinylidene difluoride membranes. The membranes were probed with either affinity-purified rabbit anti-rat Kir2.x antibodies (a generous gift of Dr. Carol Vandenberg), rabbit polyclonal anti-caveolin-1 antibodies, or mouse antiflotilin-1 antibodies (BD Pharmingen, San Diego, CA). Bound primary antibodies were detected using secondary antibodies conjugated with horseradish peroxidase (HRP; Jackson Laboratories, West Grove, PA). Finally, immunoreactivity was visualized with ECL Plus reagent (Amersham, Piscataway, NJ). Detected bands were analyzed densitometrically using the NIH ImageJ image processing program (http://rsb.info.nih.gov/ij/docs/index.html). Cholesterol levels in different fractions were measured using the Amplex red kit (Molecular Probes, Eugene, OR) according to the manufacturer's instructions.
Briefly, cells were washed with PBS (without Ca 2ϩ /Mg 2ϩ ), lysed on ice for 30 min with the reaction buffer of Amplex red cholesterol assay kit, and homogenized through a 20-gauge needle. Free cholesterol was measured using cholesterol oxidase (37°C for 30 min), which yields H 2O2, which is then detected using 10-acetyl-3,7-dihydroxyphenoxazine (Amplex red reagent), a highly sensitive and stable probe for H 2O2. In the presence of HRP, Amplex red reagent reacts with H2O2 with a 1:1 stoichiometry to produce the highly fluorescent product resorufin. The reaction is performed in the dark. Resorufin fluorescence is detected by Fluoroscan Ascent FL (Thermo Electron, Helsinki, Finland) at 544-nm excitation and 590-nm emission wavelengths according to the manufacturer's conditions and published literature (1) . In all of the experiments, the level of cellular cholesterol was modified both by exposing the cells to M␤CD not complexed with cholesterol and by exposing them to M␤CD saturated with cholesterol, a treatment that is typically used as a M␤CD control. The two types of the experiments were performed in parallel. Cholesterol measurements and Western blot analysis were performed on the same samples.
Immunostaining and Imaging
For immunostaining, cells were transfected with hemagglutinin (HA)-tagged Kir2.1 construct as described in Cells and Transfection. HA-Kir2.1-transfected cells were seeded on glass coverslips, fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton, and then blocked [in PBS containing 1% bovine serum albumin (BSA) and 5% goat serum] for 1 hr, incubated with primary antibodies (1:100 in PBS containing 1% BSA and 5% goat serum) overnight, washed, incubated with Alexa586-conjugated secondary antibodies (1:200 dilution in PBS containing 1% BSA and 1% goat serum for 1 h), washed, mounted, and viewed using a Zeiss Axiovert 100TV microscope. The primary antibody used for Kir2.1-HA was rat monoclonal anti-HA Ab3F10 (Roche Diagnostics), and the secondary antibody used was Alexa568-conjugated goat anti-rat IgG (Molecular Probes).
Electrophysiology
Ionic currents were measured using whole cell configurations of the standard patch-clamp technique (11) . Pipettes were pulled (SG10 glass, 1.20-mm inner diameter, 1.60 mm; part no. FPENNU1.20ID1.60OD; Richland Glass, Richland, NJ) to give a final resistance of 2-6 M⍀. These pipettes generated high-resistance seals without fire polishing. A saturated salt agar bridge was used as reference electrode. Currents were recorded using an EPC9 amplifier (HEKA Electronik, Lambrecht, Germany) and accompanying acquisition and analysis software (Pulse and PulseFit; HEKA Electronik). External recording solution contained (in mM) 150 NaCl, 6 KCl, 10 HEPES, 1.5 CaCl 2, 1 MgCl2, and 1 EGTA, pH 7.3. Pipette solution contained (in mM) 145 KCl, 10 HEPES, 1 MgCl2, 4 ATP, and 1 EGTA, pH 7.3. Current was monitored by 500-ms linear voltage ramps from Ϫ100 to ϩ40 mV at an interpulse interval of 5 s. The holding potential was Ϫ60 mV. Pipette and whole cell capacitances were automatically compensated. Whole cell capacitance and series resistance were compensated and monitored throughout the recording. Series resistance was compensated by 60 -90%, with the compensation being limited by the stability of the patch. The experiments are conducted at room temperature.
Statistical Analysis
Statistical analyses of the data were performed using a standard two-sample Student's t-test, assuming unequal variances of the two data sets. Statistical significance was determined using a two-tailed distribution assumption and was set at 5% (P Ͻ 0.05). 
RESULTS
Cholesterol: Protein Distributions in Low-Density and HighDensity Membrane Fractions
Multiple studies have shown that low-density membrane fractions are enriched in several protein markers of membrane rafts, such as caveolin and flotilin, but the distribution of membrane cholesterol between the two fractions is still controversial (10, 41, 44) . Our first goal, therefore, was to determine the distribution of free (nonesterified) cholesterol in membrane fractions of CHO cells separated using either the detergent-free sucrose density gradient method (44) or the Triton insolubility method (45), the two major methods for membrane raft isolation. Figure 1 shows the distributions of membrane cholesterol (A), total protein (B), and cholesterol/ protein ratio (C) in membrane fractions isolated using the detergent-free method. Figure 1 shows that cholesterol has a clear double-peak distribution with a major peak in low-density and a minor peak in high-density membrane fractions, whereas the amount of total membrane protein increases sharply and then steadily as the density increases. Overall, 79 Ϯ 16% of total membrane cholesterol and 19 Ϯ 3% of total membrane protein was found to reside in low-density (fractions 1-5) membrane fractions (Table 1) . Thus the most striking difference between the low-and the high-density fractions is the cholesterol/protein ratio (Fig. 1C, Table 1 ). For the purpose of further discussion, therefore, we will use "high cholesterol/ protein ratio" as a working definition of membrane rafts in these cells.
In contrast, analysis of Triton-soluble and Triton-insoluble fractions, another method of lipid raft isolation, yields a completely different picture. In this case, when the membranes were exposed to 1% cold Triton, only 25 Ϯ 10% of membrane cholesterol was found in the Triton-insoluble fractions together with 25 Ϯ 8% of total membrane protein, meaning that cholesterol/protein ratios in the two fractions were similar (Table 1) . Thus Triton-insoluble fractions have neither higher cholesterol content nor a high cholesterol/protein ratio, suggesting that the association between Triton-insoluble fractions and cholesterol-rich membrane domains is not well defined. Indeed, this conclusion is consistent with the growing number of studies showing that exposure to cold Triton may introduce "false positives" (12, 27) . This method, therefore, was not used in the subsequent analysis.
Partitioning of Kir2.1 and Kir2.3 into Raft and Non-Raft Membrane Fractions
Our earlier study showed that both Kir2.1 and Kir2.3 channels partition virtually exclusively to Triton-insoluble membrane domains (38) . However, since exposing cells to cold detergents by itself was shown to induce aggregation artifacts that may lead to false positives, in this study we extended these observations to analyze the distributions of Kir2.1 and Kir2.3 in membrane fractions isolated using the detergent-free method. We have shown presently that both Kir2.1 and Kir2.3 channels have double-peak distributions in the density gradient (the first peak appeared in fractions 3-6 and the second peak in fractions [7] [8] [9] [10] , demonstrating that the channels partitioned into both cholesterol-rich (raft) and cholesterol-poor (non-raft) membrane fractions (Fig. 2) . The appearance of a second peak cannot be attributed just to a general increase in the amount of protein in high-density fractions, because the latter increases over the whole range of fractions tested. Furthermore, it is important to note that although only 52 Ϯ 5% and 36 Ϯ 3% of Kir2.1 and Kir2.3 channels, respectively, were found in the low-density membrane fractions (fractions 1-6), these fractions are enriched with the channels relative to the total protein (if the channels would not partition preferentially into the low-density membrane fractions, only 20% of channel protein would be expected in these fractions, the same as the amount of total protein). Interestingly, the pattern of the distribution of the two channels is not identical: Kir2.1 has a slightly larger peak in low-density membrane fractions, whereas Kir2.3 has a larger peak in high-density fractions, suggesting that Kir2.1 has stronger affinity to cholesterol-rich fractions than Kir2.3. As expected, caveolin-1 and flotilin-1, two major markers for membrane rafts, also partition preferentially to cholesterolrich membrane fractions (Fig. 2) . Specifically, the distributions of both caveolin-1 and flotilin-1 showed major peaks in lowdensity fractions and significantly lower peaks in high-density fractions (the peak amplitudes at low-vs. high-density fractions were 0.22 Ϯ 0.03% vs. 0.13 Ϯ 0.015%, P Ͻ 0.05 for caveolin-1, and 0.26 Ϯ 0.03% vs. 0.12 Ϯ 0.016%, P Ͻ 0.05 for flotilin-1). The total amounts of these two proteins partitioning into fractions 1-6 (major peak) were 65 Ϯ 5% and 56 Ϯ 5% for caveolin-1 and flotilin-1, respectively. If one takes into account that cholesterol-rich fractions contained only 20% of total protein, these fractions were strongly enriched with both proteins that are often associated with membrane rafts.
To test further whether the appearance of the two proteins in the high-density fractions may be due to the contamination of these fractions with rafts bound to the cytoskeleton, we repeated the experiments using the lysis buffer with high ionic strength (1 M KCl), a procedure that is used to disrupt membrane-cytoskeleton interactions (4, 20) . However, an increase in the ionic strength did not significantly reduce the amount of caveolin-1 partitioning into the high-density membrane fractions (not shown), suggesting that association between lipid rafts and cytoskeleton is not a major source for the partial partitioning of lipid raft markers to the high-density fractions. It is also interesting to note that although both Kir2.1 and Kir2.3, as well as caveolin-1 and flotilin-1, preferentially partitioned into fractions 4 and 5, only fraction 4 was strongly cholesterol enriched, whereas fraction 5 was not. The broader peaks of the Kir2/caveolin-1 distributions relative to the cholesterol peak suggest that additional factors are involved in regulating Kir2/caveolin-1 targeting into low-density membrane fractions.
Association of Kir2.1 channels with lipid rafts/caveolae was further investigated by testing the colocalization of Kir2.1 channels with caveolin-1 (Fig. 3) . The distribution of the channels was visualized by transfecting the cells with Kir2.1 tagged with hemagglutinin (HA) epitope (YPYDVPDYA) on the extracellular domain. A partial overlap between HA-Kir2.1 and caveolin-1 is consistent with our fractionation analysis showing that the channels are distributed between caveolinrich and caveolin-poor membrane fractions.
M␤CD-Induced Depletion of Raft and Non-Raft Cholesterol: Correlation With Kir2.1 Activity and Distribution Between Low-and High-Density Fractions
As expected, exposing cells to 5 mM M␤CD for 15-60 min resulted in a gradual decrease of cellular cholesterol level, with a significant decrease observed already after 15 min (Fig. 4A) . It is important to point out, however, that cholesterol depletion was not limited to the raft membrane fractions but also was observed in the non-raft fractions (both fractions were depleted ϳ2-fold after 60 min of incubation). In low-density fractions (fraction 4), cholesterol decreased gradually after 15, 30, and 60 min, with no further decrease observed after 120 min (Fig. 4B) . In high-density fractions (fraction 8), although the initial decrease in the level of cholesterol was significant, no further significant changes were observed after the longer M␤CD exposures (Fig. 4C) . It is possible, however, that since the level of cholesterol in fraction 8 was relatively low, gradual changes might not be detectable.
The time course of the increase in Kir2.1 current density induced by cholesterol depletion was also gradual, with a significant increase in current observed after 15 min of M␤CD exposure and a further increase observed after 30 and 60 min of M␤CD exposure (Fig. 5, A and B) . The currents and the level of cholesterol were measured in the same cell populations. It is also important to note that, consistent with our earlier study (39) , exposing the cells to M␤CD did not have any effect on membrane capacitance (17 Ϯ 0.9 pF and 18 Ϯ 0.8 pF for control cells and cells exposed to 60 min of M␤CD, respectively). Reversal potential of the two populations also were very similar (Ϫ71.90 Ϯ 0.69 mV and Ϫ71.98 Ϯ 1.5 mV for control cells and cells exposed to 60 min of M␤CD, respectively), indicating that there was no significant contribution of nonspecific membrane conductance (leak). These reversal potentials are slightly more depolarized than the theoretical reversal potential of K ϩ ions under these recording conditions (Ϫ80 mV), which may arise because of small contributions of nonselective cation and/or Cl Ϫ conductance that are typically present in most mammalian cells. The currents were recorded immediately after the M␤CD treatment and within the time window of 3 h after the end of the treatment. Both the levels of cholesterol and the current amplitudes remained unchanged in this window. We also have shown that cholesterol depletion had a similar facilitatory effect on Kir2.3 current (Fig. 5, C and D) . Kir2.1 and Kir2.3 currents are recorded under exactly the same experimental conditions and using the same voltage protocols (a linear voltage ramp from Ϫ100 to ϩ40 mV). As we showed earlier (38) , however, Kir2.3 currents are smaller than Kir2.1 currents, and the sensitivity of Kir2.3 channels to cholesterol depletion appears to be lower than that of Kir2.1 channels.
Furthermore, we have shown that cholesterol depletion also resulted in a small but consistent shift in the distribution of Kir2.1 from raft to non-raft fractions (Fig. 6, A and B) . The shift can be observed in both individual gels (Fig. 6, top) and the densitometric analysis that shows the relative distribution of the channels between the different fractions (bottom). Similar observations were obtained in four independent experiments. Cholesterol depletion also resulted in the redistribution of Kir2.3 from raft to non-raft fractions (Fig. 6, C and D) .
M␤CD-Induced Cholesterol Enrichment Occurs Only in Cholesterol-Rich Membrane Fractions: Correlation With Kir2.1 Activity and Targeting to Lipid Rafts
In contrast to cholesterol depletion, exposing the cells to M␤CD saturated with cholesterol for 15-60 min resulted in an increase in membrane cholesterol exclusively in the raft membrane fractions, whereas the level of cholesterol in the highdensity fractions was not affected (Fig. 7) . These observations provide the basis to discriminate between the effects of cholesterol residing in the two types of membrane domains. Indeed, the time course of cholesterol increase in rafts correlated closely with the time course of Kir2.1 suppression (Fig. 8, A and B) . Similarly, cholesterol enrichment also resulted in the suppression of Kir2.3 currents (Fig. 8, C and D) .
The sensitivity of the Kir2.3 to cholesterol enrichment also appeared to be lower than that of Kir2.1 channels. Together, these observations suggest that an increase in cholesterol content of the raft domains is sufficient to induce suppression of Kir2.1 and Kir2.3 currents.
In terms of redistribution of the channels between raft and non-raft fractions, the effects of cholesterol enrichment are more complex than those of cholesterol depletion. Figure 9 , A and B, shows that there was some increase in partitioning of Kir2.1 channels into the low-density fractions (ϳ20% in fractions 4 and 5) and a strong shift in the second peak of the distribution from fraction 8 to fraction 7. Although an increase in partitioning of the channels to cholesterol-rich fractions suggests that more channels are included in the raft fractions, the significance of the shift of the second peak is not clear, and further studies are needed to address this issue. Changes in the distribution of Kir2.3 seem to be more straightforward: the channels clearly shifted from the high-density to low-density membrane fractions, although Kir2.3 was less sensitive to changes in membrane cholesterol than Kir2.1 (Fig.  9, C and D) . Together, our observations suggest that translocation of the channels between different membrane domains may be one of the important mechanisms regulating Kir 2 function.
It also is important to point out that since M␤CD and M␤CD-cholesterol result in opposite effects on both Kir2.1/ Kir2.3 activities and the distribution of channels between the different membrane domains, we can exclude the position that the observed effects are due to nonspecific effects of M␤CD. These observations are consistent with our earlier studies showing that altering M␤CD/cholesterol ratios, although maintaining a constant level of M␤CD, has a significant effect on the Kir2.1/Kir2.3 currents (38) and that suppression of endothelial Kir by cholesterol enrichment is reversed by removing the surplus of cellular cholesterol (6) . voltage-gated K ϩ channels (24, 25, 30) , and transient receptor potential (TRP) channels (3, 20) , from membrane fractions defined as rafts to fractions defined as non-rafts. It has not been established, however, whether it is cholesterol depletion of the raft domains or a global depletion of cellular cholesterol that is responsible for these effects. In addition, although cholesterol enrichment has been shown to affect multiple types of ion channels (14, 21, 38, 40, 48) , it has not been established how an increase in cellular cholesterol affects targeting of ion channels to the raft domains. The main findings of this study are 1) both Kir2.1 and Kir2.3 have double-peak distributions between low-and high-density membrane fractions, suggesting that the channels are targeted to both raft and non-raft domains; 2) although M␤CD depletes cholesterol from both raft and non-raft fractions, cholesterol enrichment results in cholesterol increase exclusively in the raft fractions; 3) the time courses of both depletion-induced Kir2.1 enhancement and enrichmentinduced Kir2.1 suppression correlate with the changes in the level of raft cholesterol; and finally, 4) not only does cholesterol depletion shift the distribution of the channels from lowto high-density membrane fractions but also cholesterol enrichment has the opposite effect. Thus this study provides further support for the hypothesis that partitioning to lipid rafts plays an important role in the sensitivity of Kir2.1 channels to cholesterol. Furthermore, our observations provide the first evidence that cholesterol enrichment of the raft fractions is sufficient to suppress Kir2.1 current and to shift Kir2.1 distribution from non-raft to raft domains.
Membrane rafts are generally defined as cholesterol-rich membrane domains (5, 33, 34, 43) , but there is no general consensus on the cholesterol levels in raft and non-raft fractions. Specifically, lipid rafts have been shown to contain ϳ30% of total cholesterol in Madin-Darby canine kidney cells (2) , ϳ30% in Jurkat T cells (41), 30 -40% in macrophages (9), 30 -50% in THP-1 monocytes (10), and ϳ4% in human fibroblasts (44) . These discrepancies may reflect the differences in raft composition or in relative amount/size of rafts in different cell types. In part, however, the variability also may be attributed to the different protocols used in raft isolation. In this study, we have shown that low-density fractions of CHO cells isolated using a detergent-free protocol contained ϳ80% of the membrane cholesterol and had a much higher cholesterol/ protein ratio than the rest of the membrane. An amount of cholesterol in Triton-insoluble membrane fractions isolated from the same cells was significantly lower (ϳ25%). A comparison between the two methods in the same cells clearly shows that the amount of cholesterol recovered from the fractions defined as lipid rafts depended strongly on the method of the isolation. Indeed, similar observations were reported earlier by Gaus et al. (10) , who showed that although lipid rafts isolated from macrophages using the detergent-free method or a low concentration of Triton (0.2%) contained 40 -45% of cholesterol, rafts isolated using 1% Triton contained only ϳ6% of total membrane cholesterol. The question is, which of the two approaches more accurately reflects the composition of rafts in living cells. In general, although detergent-free sonication also may introduce some artifacts, it is considered to be less prone to artifacts than Triton extraction, and the most recent definition of membrane rafts, therefore, does not include detergent resistance (34) . Interestingly, our observation that 80% of cholesterol was found in the low-density membrane fractions is consistent with a recent study of Swamy et al. (46) , who estimated the portion of the plasma membrane that exists in a liquid-ordered state in living cells by using spin-label electron spin resonance spectroscopy. Swamy et al. (46) found that most of the plasma membrane existed in this phase and that it contained most of the membrane cholesterol. The similarity between the two observations suggests that cholesterolrich membrane fractions isolated using a detergent-free method indeed reflect the partitioning of cholesterol into different membrane domains in cellular membranes.
We also have shown that, as expected, cholesterol-rich membrane fractions were enriched with caveolin and flotilin, two proteins often associated with membrane rafts, but neither of these proteins is found exclusively in cholesterol-rich fractions. This is not surprising, because no one protein has ever been shown to be a perfect marker and could be expected to have an absolute specificity for raft subdomains [for example, caveolin-1 has been shown to partition to both high-and low-density membrane fractions (22, 49) ]. Our study reveals that Kir 2 channels show a clear biphasic distribution between the raft and the non-raft membrane fractions. This distribution of the channels provides a possible mechanistic basis for our earlier hypothesis that the channels may exist in two different modes: the "silent mode" and the "active mode" (38, 39) . The following observations led us to hypothesize that the Kir2 channels may exist on the membrane in two modes. First, neither cholesterol enrichment nor cholesterol depletion affects the expression of Kir2.1 channels (38) . Second, these treatments have no effect on membrane capacitance, indicating that changes in membrane cholesterol do not induce major changes in the membrane area. This is in contrast to the regulation of Kir2.1 by tyrosine phosphorylation that is accompanied by a significant decrease in membrane capacitance (47) . Finally, we have also demonstrated directly that cholesterol treatments do not affect the surface expression of Kir2.1 channels as assessed by visualization of HA-Kir2.1 constructs in nonpermeabilized cells (38) . We suggested, therefore, that it is the lateral separation of membrane lipids that is responsible for the regulation of Kir2 channels by cholesterol. This study provides the first evidence to support this hypothesis. Specifically, we suggest that when Kir2 channels partition into the raft domains, they exist in a silent mode, whereas when they partition into non-raft domains, they exist in an active mode. It is also important to note that biphasic distribution between low-and high-density membrane fractions is not unique for Kir2. Specifically, several types of ion channels, such as cardiac Na ϩ channels (54) and voltage-gated K ϩ channels (Kv2.1 and Kv1.5) (24, 25) , have been shown to distribute between the low-and high-density membrane fractions, and the distributions of the channels appear to be biphasic. Most interestingly, Shlyonsky et al. (42) showed that functional epithelial Na ϩ channels (ENaC) can be found only in Triton-insoluble fractions, whereas the channels partitioning to Triton-soluble fractions were not functional. In terms of the specific effect, this observation is the opposite of what we propose for the Kir2 channels, but this is not surprising because although cholesterol depletion facilitates Kir channels (38, 39) , it was shown to suppress ENaC channels (52) . The observation that functional ENaC are found only in Triton-insoluble fractions is important as proof of the principle that association with a specific membrane lipid domain may switch a channel from a functional to a nonfunctional mode.
The ability of M␤CD to extract cholesterol from both raft and non-raft membrane fractions demonstrated presently, consistent with the earlier studies (9, 10, 19, 31, 41) , indicates that sensitivity to cholesterol depletion cannot be taken as decisive evidence for the involvement of lipid rafts in a specific process. However, we have shown here that M␤CD-cholesterol increases cholesterol specifically in the raft fractions, having no apparent effect on the cholesterol level in non-raft fractions. This finding provides a strong clue to discriminate between the roles of raft and non-raft cholesterol in the regulation of Kir2 channels, showing that an increase in the level of the raft cholesterol is sufficient to suppress the current. Furthermore, this is the first study to demonstrate that cholesterol enrichment also causes redistribution of the channels, with an increased amount of the channels partitioning into the raft fractions. Together, these observations suggest that an increase in the cholesterol level of the raft domains and translocation of the channels to these domains play critical roles in the regulation of Kir2 channels. Clearly, these observations also lead to a series of new questions: Does cholesterol enrichment result in an increase in the number, size, or cholesterol density of the rafts? Are channels actively translocated from non-rafts to rafts, or are they just "trapped" in a growing or newly forming raft? How does being in a raft affect the functional properties of the channels? How does partitioning of the channels into rafts affect their association with chaperone proteins, such as PSD-95, SAP97, or AKAP79? Further studies are needed to address these questions.
